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The effect of X-ray irradiation on ultrasound
attenuation and velocity in LiF single crystals
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Using the pulsed method at a frequency of 7,5 MHz, the dependences of dislocation
absorption and ultrasound velocity in LiF single crystals with residual deformation € =
0,65 % at T =800 K in the dose range of 0-1057 R were investigated. It has been
established that, under conditions of crystals’ irradiation with X-rays, the concentration
of radiation centers fixing easily mobile dislocations significantly increases. As a result of
limiting these dislocations’ number, the attenuation of ultrasound decreases sharply, and
its propagation velocity in the sample increases.

Keywords: irradiation, ultrasound attenuation and velocity, density of highly mobile
dislocations, average effective length of a dislocation segment, deformation, radiation
pinning centers.

NMIyALCHBIM MeTOZOM HA uacToTe 7,5 MII mceaefoBaHLl 3aBUCHMOCTH IHCIOKAIIMOH-
HOI'0 IIOIVIOIEHUS M CKOPOCTH YJbTPasByKa B MOHOKpucramiax LiF ¢ ocrarounoit gedopma-
uumeii € = 0,65 % upu T = 300 K B unrepsane 103 obayuennd 0—1057 perrren. YcraHosie-
HO, UTO B YCIAOBHUAX OOJYUEHUA KPUCTAJIIOB PEHTIEHOBCKUMH JYUAMM CYIIECTBEHHO YBeJH-
ynBaeTcd KOHIEHTPAIMA PpPaAWalliOHHBIX IEHTPOB, 3aKPeIUIAIIINX JETKOMOABUKHLIe
OUCJIOKAIMKU. B pesyanTaTe orpaHMUYeHNs YNMCJa YKA3AHHLIX AMCIOKAIUil 3aTyXaHue yaLTpa-
3BYKaA PE3KO CHIKAETCH, a4 CKOPOCTL €r'0 PaclpoCTpaHeHusA B o0pasile YBeJIUUUBAETC.

BniuB peHTreHiBCHbKOr0 OIPOMiHEHHS HA 3racaHHs i MBHUIKICTH YJIbTPA3BYRY Y MOHO-
kpueranax LiF. O.M.ITemuenro, IO.Jlemyenrxo, C.M.Boiixo, A.C.JlumsuHerKo.

Imoynbcaum meromom Ha uactori 7,5 MITHm mociim:keHO B3aeMOBAJIEKHICTDL IHCIIOKAIIN-
HOTO TOTJINHAHHA i IIBUAKOCTI yJALTPA3BYKY y MoHoKpucTanax LiF is samumikosown medop-
margieio € = 0,65 % sa T = 300 K B imrepsani gos onpominenus 0—1057 peurren. Beranos-
JIeHO, II[0 34 YMOB OIPOMiHEHHA KPHUCTAJNIB PEHTreHiBCBKUMU IIPOMEHSAMH iCTOTHO
30iMBIIyeTbCA KOHIIEHTPAIlid pagiamiiiHuX IeHTPiB, [0 3aKPIILIIOTH JerKOPYXJIUBI THUCIO-
ramii. Y pesyiabrari oOMe)KeHHS uMcJa BKAa3aHUX JAUCIOKAIIA B3racaHHs yJIbTPasBYKY
CTPIMKO 3MEHIIIYETHCH, 4 IIBUAKICTh MOro MOMINPEHHS y 3pasKy 30iJbIIyeThCHd.
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1. Introduction

As we can find out from the reviews [1,
2], quite a lot of experimental work has
been devoted to the study of the radiation
exposure effect on crystal properties. From
the previous studies follows that an in-
crease of radiation damages’ number in al-
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kali halide crystals stimulates the occur-
rence of optical, acoustic and other effects
caused by the interaction between these
point defects and mobile dislocations. Tak-
ing into account that the beginning of the
settling process on various pinning points’
dislocations (including centers of radiation
origin) recording is reliable, then the use of
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acoustic methods is the most effective [1].
With their help, it is possible to quite reliably
record the slightest changes in the average
effective length of a dislocation segment L,
oscillating in the field of an ultrasonic wave,
which, by virtue of law o ~ L% [1, 3], very
significantly affect the measured ultrasound
attenuation o in the sample.

From the review [1], one can learn that
in early researches, when studying radiation
effects, low-frequency methods of ampli-
tude-dependent internal friction were used
most often.

These methods are very sensitive to the
appearance of radiation defects in the ecrys-
tal, but their application presents certain
difficulties. When a low-frequency ultra-
sonic wave of large amplitude is transmit-
ted through the sample under study, defor-
mation in it can occur directly by ultra-
sound. As a result, not only the value of L
can change, but also the dislocation density
A, which in experiments on the effects of
low radiation usually remains unchanged.

Moreover, with such amplitudes of ultra-
sonic waves, small portions of radiation
point defects cannot have a noticeable pin-
ning effect on a moving dislocation. Large
doses’ irradiation of crystals (more than
103 R) is used (to obviously display its stop-
ping action) in low-frequency experiments.
This exposure, according to [4], can lead to
a change in the mechanical characteristics
of crystals, as well as stimulate the emerg-
ing of optical absorption bands [5—7].

In this connection, the need arises to use
such experimental methods that would be
able to detect the occurrence of radiation
defects at the initial stages of crystals’ irra-
diation. Such methods include the ampli-
tude-independent, pulse-type echo method
of the high frequency range [8—43], which
is notable for its high information content
and high sensitivity to the impact on the
dislocation of weak stoppers.

The works [8-43] convincingly demon-
strate the high sensitivity of the method [1]
to subtle structural changes in the crystal.
It should be noted, however, that the men-
tioned works realize the capabilities of the
model [3] only partially. They have a com-
mon direction which means that they study
the phonon-dislocation interaction and the
interaction of mobile dislocations in a crys-
tal with Mott and Friedel-type stoppers [3]
on the basis of the frequency spectra proc-
essing of the dislocation decrement of ultra-
sonic attenuation Ay/f) in the dislocation’s
resonance region and post-resonance one.
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As the authors of the string model [3]
pointed out, this kind of experiment is very
informative and gives us the most correct
results regarding crystals’ under study dy-
namic and structural characteristics’ re-
search, since the conditions of the experi-
ment most fully meet the conditions and
limitations of the model [3]. However, the
authors of [3] also proposed a slightly dif-
ferent algorithm for finding the above-men-
tioned crystal characteristics, which is
based on the results of studying the speed
and ultrasound absorption in the pre-reso-
nance region of the Ad(f) curves.

There are very few examples of its prac-
tical implementation [1, 3, 8]. The fact is
that for processing the experimental data
according to the indicated algorithm, it is
necessary to have data on the resonance re-
gion and the descending branches of the
Ad(f) curves, which are very difficult to ob-
tain due to the absence of standard experimen-
tal equipment for such tasks. The notorious
difficulty also limited the appearance of new
works on the dynamic and structural parame-
ters’ research in a crystal from experiments on
the ultrasonic velocity dispersion [31]. The
possibility to process obtained experimental
data is also offered by the model [3].

The above reasoning shows that in the
presence of the works’ array [29-43], where
the structural changes in crystals were
studied in three ways — by the resonance
region, by the descending branch of the
Ad(f) curves, and by using dispersion experi-
ments. Of particular interest is the practical
implementation of the model [3] for the re-
gion of low (pre-resonant) frequencies. The
presence of results in this area would allow
us to generalize and talk about a complete
check of all the possibilities that the model
[3] opens up for experimenters.

This consideration’s become the starting
point for this work.

2. Experimental

In this work, we studied the effect of
small X-ray radiation doses on the disloca-
tion absorption and ultrasound velocity in
LiF single crystals with a residual deforma-
tion of 0,65 % at a frequency of 7.5 MHz
at a temperature of 300 K. The specimens
with a purity of 1074 wt.%, with the crys-
tallographic orientation <100>, and
17x17x27 mm3 in dimension we used carry-
ing out the experiments. According to the
technology described in works [29-43], the
specimens to study, after their cutoff, were
finely polished to achieve the working sur-
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Fig. 1. Dependence of the dislocation’s ultra-
sound attenuation on the irradiation time for
deformed (0.65 %) LiF crystals at T = 300 K.

faces” mnon-parallelism of approximately
11 um/em, which was controlled by means
of an IKV optimeter. The surface non-paral-
lelism in the system “piezoquartz-sticker-
specimen” could also be estimated inde-
pendently when imposing the exponential
reference signal on a series of reflected
pulses observed on the oscilloscope screen in
the course of crystal sounding. The ultra-
sound attenuation was measured by apply-
ing a calibrated exponent to the echo sig-
nals, and the pulse interference method and
the selective method were used to measure
the velocity on the equipment described in
[29-483]. To remove the internal stresses
that could emerge owing to a mechanical
treatment of the specimens, the latter were
annealed in a muffle furnace MP-2UM for ~
12 h at a temperature of about 0.8T,,, (T, —
melting point) and, then, slowly cooled
down to room temperature. For highly mo-
bile dislocations to be introduced into the
crystal, the latter was preliminarily de-
formed to achieve the residual strain € = 0.65 %.
The specimens were deformed by squeezing
them on an Instron tensile machine at a
rate of about 107° s7l. In this regime of
deformation [29-48], no slip bands arise,
and the etch pits regularly cover the crystal
surface, which enables the dislocation den-
sity A to be accurately determined with the
use of the software Photoshop. The technol-
ogy for isolating the dislocation component
from the total absorption was the same as
in [29-43]. The standard installation of
URS-55 was used to X-ray irradiation the
studied LiF single crystals. The X-ray irra-
diation dose power at the location of the
studied crystal, according to our estimates,
was ~ 0.11 R/s. To avoid the appearance of
irregularities in the sample caused by the
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Fig. 2. The dependence of the elastic waves’
velocity on the irradiation time for LiF crys-
tals with a residual deformation of 0.65 % at
T =300 K.

action of internal mechanical stresses [2],
each of the 4 side faces parallel to the long
axis of the crystal was irradiated alter-
nately for 20 min, which corresponded to a
total dose of 1057 R.

3. Results and discussion

There were studied the dislocation’s at-
tenuation o dependence on the time of
X-ray irradiation for LiF samples with re-
sidual deformation € = 0.65 %, and Fig. 1
shows the obtained results. It can be seen
that already after the first 20 min of the
irradiation the ultrasound attenuation in
the sample declined by 0.34 db/us, and dur-
ing the remaining measurement time its
value decreased by another 0.3 db/us.

Fig. 2 presents the experimental data ob-
tained on the same sample, when measuring
the velocity of ultrasound, and turned out
to be quite expected. It is evident from the
above-mentioned figure that with an in-
crease in the dose of irradiation, the effect
of ultrasonic wave propagation velocity
growth in the crystal is manifested to a
greater extent.

It should be noted that a similar effect
of changes in acoustic characteristics was
previously observed in study [8] when NaCl
crystals were irradiated. According to the
author of [8], this is due to a decrease in
the effective length of the dislocation loop
L, due to its fixing with radiation defects,
the number of which is added during the
irradiation time to some dislocation loop
with the initial length L;. In accordance
with the work [3], after irradiation for a
time ¢, the length of the dislocation seg-
ment is equal to:
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where c¢(¢) is the concentration of point de-
fects. According to the theory [3], for the
low-frequency region related to the ascend-
ing branch of a damped dislocation reso-
nance, the expression for the attenuation
coefficient of ultrasound has the form:

2
K,=8.68 10§ 4G2°( B )
niC | n2C

where o is the cyclic frequency, G is the
shear modulus of the acting slip system, &
is the value of the Burgers vector, C is the
effective tension of the bent dislocation, B
is the damping constant.

Using the relation (1), we can obtain an
expression for attenuation in this form:

(2)

4

o= aO{L} , (3)
1+ ()

where oy = K;0?AL§ — initial attenuation

before irradiation.

Based on equation (38), the concentration
dependence c(t) on the irradiation time ¢
takes the form:

- 4
c(t)z[aioJ - 1. @

It can be seen that the function c(¢) is
expressed through the initial attenuation at
t = 0 and the attenuation at an arbitrary
time 2.

Similarly, the dependence ¢(t) can be cal-
culated from measurements of the velocity
of ultrasound. From the theory [3] it fol-
lows that:

W | =

Av 4Gb2
Y _K,AL2, K, = ) 5
Vo 2 27 nic ®)

Relation (5), taking into account (1), al-
lows us to obtain an expression for concen-
tration in the form:

[ avrvy A s @
c(t)_LAV/VO)J -1, [ j—KZALO,

Functional materials, 26, 1, 2019

DO [ =

LiF
1,0 0.65% C, _ _—e_.
- - -
f=7,5 MHz -7

o(t)

0,5

0,0 L L L
0 50 100 150

t,min

Fig. 3. The dependencei of point defects’ con-
centration on the time of irradiation in LiF
crystals with a residual deformation of
0.65 % at T = 300 K.

where Av and Av) relative changes in
Vo Vo J

the speed of sound at irradiation time ¢ and
t = 0, respectively.

Fig. 8 shows the course of curves c;(¢)
and cy(f) calculated by formulas (4) and (6),
respectively, as well as the average value of
cs(t), (where cg = 0.5(c; + c9).

It can be seen that the dependence of
concentration on irradiation time is not lin-
ear. However, according to the authors of
[1, 3], it can still be described in the first
approximation by the equation:

nrLg (N

c(t) = A t,

where n is the number of fixing centers in
1 cm3 generated by radiation with a dose
rate of 1 R per unit of time, r is the irra-
diation dose power, A/Lg the number of dis-
location loops in 1 em3, and (nrLg/A) the
number of additional pinning centers added
on average to each dislocation loop L, per
time unit.

If, as a rough approximation, the curve
cg(t) shown in Fig. 3 is approximated by a
linear dependence c¢(¢) = p¢, then for the in-
itial part of this curve the coefficient is
0,05. Using [39] the values for dislocation
density A =1.74-106 cm™2, determined by
the etching points method, and the length
of the dislocation segment L = 8.3510"
5 ¢m, calculated from the parameters of the
dislocation resonance, as well as the value
of r=6.6 R/min n=1.5710% cm™3 was
found.

Analyzing the results of this work, we
found that the concentration of radiation de-
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fects of fixing dislocations in LiF and a simi-
lar value n = 3:10% cm ™3, obtained by irradi-
ating NaCl crystals [8], the dose rate of which
was 58 R/min, were almost the same.

Using the value n = 1.57-10% cm ™3 found
in this work, we were able to calculate the
concentration of the pinning centers created
in the crystal during its irradiation for
160 min, which turned out to be
2.5-1010 em~3. During this time, as shown
by the course of the experimental curves
(Figs. 1 and 2), highly mobile dislocations
are effectively fixed by stoppers, which are
the pinning centers of X-ray nature. Due to
X-ray processing, the crystal under investi-
gation restores its original acoustic per-
formance, which it had immediately after
preparation and annealing.

Comparing our concentration results
with the data of [6,7], obtained on the same
crystal by an optical absorption method
using Smakula’s theory [44], it was found
that this method yields a value for the F-
center concentration of 10.85-101% em3,
which differs markedly from the value of n,
found by the acoustic method [8]. This dif-
ference may be due to the fact that in alkali
halide crystals, pinning centers arise di-
rectly on dislocations [11, 29-43]. This
means that the concentration of point de-
fects, which ensures the complete fixation
of mobile dislocations, is noticeably less
than the volume concentration of color cen-
ters, which can be detected by the optical
absorption method [6-7, 44-50].

4. Conclusions

The effect of X-ray irradiation in the
dose range 0-1057 R on dislocation absorp-
tion o and the ultrasonic velocity v in LiF
single crystals with a residual deformation
of 0.65 % measured at 7.5 MHz at 300 K is
studied.

The experiments gave us the opportunity
to reveal that already after the first ¢ =
20 min of irradiation, the ultrasound at-
tenuation in the sample decreases sharply,
and the speed of ultrasonic wave propaga-
tion increases significantly. The analysis
showed that these changes in acoustic char-
acteristics are associated with a decrease in
the effective length of the dislocation
segment L due to its pinning by radiation
defects.

Based on the processing of the experi-
mental data obtained in the framework of
the Granato-Lucke theory, the concentration
of centers, pinning the dislocations that ap-
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peared in the crystal upon irradiation was
calculated. During the time of radiation ex-
posure, as shown by the course of the
curves olf) and v(¢), easily mobile disloca-
tions are effectively fixed by radiation stop-
pers, as a result of which the crystal under
study almost completely restores its original
acoustic characteristics.

The obtained concentration results were
compared with the data received on the
same crystals by means of the optical ab-
sorption method using Smakula’s theory.
The optical method was found to give a
value for the concentration of F-centers,
which differs markedly from the value n
found by the acoustic method. Such a dif-
ference is possible due to the fact that in
ionic crystals the pinning centers arise di-
rectly on dislocations. This means that the
number of defects ensuring the complete
fixation of mobile dislocations should be
significantly less than the volume concen-
tration of color centers, which can be deter-
mined by the method of optical absorption.
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